an already highly adapted E. coli would be difficult. For example, beneficial mutations occur relatively rarely in quantitative longterm in vitro evolution experiments in E. coli [10] . In this regard, we think there are two important caveats to this observation.
One issue is that because the experiment measures relative (normalized) frequency changes in competitive growth conditions, the change in frequency of a sequence depends on its growth rate relative to every other random sequence in the pool. Even assuming that drift is negligible, as Neme et al. [2] argue, sequence enrichment does not mean that a sequence is beneficial relative to wildtype E. coli, only that it was better than other random sequence competitors. It could be that all the random sequences are deleterious to E. coli, but some are less deleterious than others, and these would rise to higher relative frequencies. Neme et al. [2] address this issue by choosing three individual beneficial sequences and showing that all three individually outcompete the 'empty vector'. This raises a second issue: the vector without insert is neither empty nor innocuous. The vector (pFLAG-CTC) carries strong transcription and translation signals. It drives IPTGinducible expression across its multiple cloning site, producing a 350 nucleotide RNA and a 38 amino-acid open reading frame at high levels. Neme et al. [2] do not observe these products because they assay expression by western blot with an anti-FLAG-tag antibody, but the FLAG tag in the vector without insert is out of frame by design. Because high-level expression of any exogenous plasmid-encoded sequence is detrimental to the E. coli host, under these conditions a beneficial random sequence could include anything that decreases RNA or protein expression levels relative to the vector without insert, for instance by base-pairing complementarity to the translation initiation site. Indeed, all three beneficial clones seem to show strongly reduced protein expression relative to the population average of the library.
Although we have reservations about the correctness of the conclusion of Neme et al. [2] that 25% of their random sequences have beneficial effects on E. coli growth rate, a body of work from these and other authors does suggest that each of the three terms in the protogene equation are high enough to be measurable in laboratory experiments, and thus could easily be relevant on evolutionary timescales. Franç ois Jacob was correct that gene duplication and divergence is a dominant force in gene evolution, but his personal intuition about the odds of new genes arising de novo may have been simply wrong. Experiments studying the transcription, translation, and functionality of random sequences are proving to be fruitful territory, replacing Jacob's intuition with experimental data. The endoplasmic reticulum communicates directly through membrane contacts with other cellular organelles.
A new study reports that the formation and detachment of endocytic uptake carriers for the clathrinindependent internalization of the epidermal growth factor receptor is dependent on such contact sites.
Endocytosis is the process by which the plasma membrane invaginates to form membrane-bound uptake carriers that then fuse with the early endosomal membrane system for further trafficking within the cell. Endocytosis is at the heart of a multitude of cellular and pathological functions, ranging from nutrient uptake and growth factor signaling to tumor Current Biology 27, R642-R666, July 10, 2017 ª 2017 Elsevier Ltd. R663
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Dispatches metastasis and the cellular entry of pathogens and pathogenic factors, such as protein toxins [1] . One type of regularshaped membrane invagination has largely monopolized the attention of researchers in the endocytosis field: the clathrin-coated pit [2] . It was noticed more than 30 years ago, however, that some endocytic uptake events continue to operate even when the clathrin pathway is inhibited (for a review, see [3] ). The experimental exploration of these events has been hampered by the fact that clathrin-independent uptake carriers appeared to be pleomorphic in structure, and therefore difficult to classify, and that no element of molecular machinery could be identified that was common to all non-clathrin-dependent uptake processes without also being used in the clathrin pathway, which made it difficult to inhibit them specifically.
Another type of regular-shaped membrane invagination -the caveolawas initially described as a bona fide endocytic structure that was thought to be key to the clathrin-independent component of endocytic uptake (see discussion in [4] ). However, it turned out to be exceedingly difficult to identify cargoes whose internalization into cells was truly dependent on caveolae, and according to a recent shift in paradigm caveolae are now often considered as mechanosensing, signaling and transduction devices [5] . Thus, much remains to be learned about the nuts and bolts of clathrin-independent uptake into cells.
The internalization of the epidermal growth factor receptor (EGFR) has been extensively studied. At low EGF concentrations (1 ng/ml) most EGFR uptake is clathrin dependent, while at high concentrations (20-100 ng/ml) a substantial fraction is internalized by clathrin-independent endocytosis [6] . The appearance of this clathrin-independent fraction is paralleled by increased lysosomal degradation of the receptor, suggesting that non-clathrin-mediated endocytosis might be a negative regulator of EGF signaling and a potential tumor suppressor mechanism, given the established role of EGFR in oncogenesis.
A new study by Sigismund, Di Fiore and colleagues [7] now describes the discovery of membrane contact sites between the endoplasmic reticulum (ER) and plasma membrane as being of critical importance for the clathrinindependent formation of EGFR uptake carriers. The capacity of the ER to directly interact with intracellular organelles has become a recent focus of interest in cellular membrane biology research [8] . Such ER contact sites have been observed at mitochondria, the trans-Golgi network, and endosomes and have been implicated in lipid exchange and local calcium release from ER stores.
In the current study, the authors have discovered that an ER protein, reticulon 3 (RTN3), is required for the formation of tubular invaginations via which EGFR is internalized in a clathrin-independent manner, specifically at high EGF concentrations (Figure 1 ). RTN3 was identified as a hit in a proteomics approach that was designed to enrich for clathrin-independent endocytic carriers, based on subcellular fractionation, plasma membrane depletion, and EGFR carrier immunopurification. Concomitant interference with the clathrin pathway and with RTN3 expression led to an additive inhibitory effect on EGFR uptake, which was a strong argument that clathrin and RTN3 indeed function in parallel.
The authors then used an electron microscopy protocol to visualize plasma membrane invaginations in which EGFR (and other cargoes, see below; At the plasma membrane (PM), non-clathrin-mediated endocytosis (NCE) is triggered by the formation of tubular invaginations (TI) that require the establishment of RTN3-dependent ER-PM contact sites such that uptake can progress in a stepwise process: 1) contact site formation between the ER and TI; 2) TI maturation/elongation; 3) Ca 2+ release at the ER-PM interface, which is required for the fission of TIs; 4) release by scission of tubular endocytic carriers. Dynamin (yellow ovals) is also needed to execute this latter step. The ER is depicted in grey and RTN3-enriched ER is in green. Representative EM images of the different steps are displayed at the top (courtesy of Andrea Raimondi), showing the ER as electron-dense staining and cargoes (here CD147; see text) labeled with gold particles in cells stimulated with high-dose EGF. Note that a fraction of active EGFR is also internalized via clathrinmediated endocytosis (not shown here).
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Dispatches expression was inhibited and decreased in number upon depletion of RTN3. It was concluded that these tubular invaginations most likely operate clathrinindependent uptake of EGFR. By which mechanism(s) RTN3 favors their formation still remains to be determined. Of note, the authors' proteomics list also contained transmembrane proteins that are likely to be cargoes. One of these, CD147, was further analyzed in the current study. Interestingly, upon high-dose EGF stimulation CD147 almost exclusively entered cells by non-clathrin-mediated endocytosis and was found in short tubular invaginations at the plasma membrane ( Figure 1 ) that were similar to the ones described above for EGFR.
Short tubular invaginations have previously already been seen for other clathrin-independent uptake processes, notably of bacterial protein toxins and cellular proteins such as the adhesion factor CD44 [9] [10] [11] [12] . Such tubular invaginations might be hallmarks of sites at which endocytic carriers are forming in non-clathrin-dependent pathways, most likely because in these cases the detachment from the plasma membrane by scission is less tightly linked to the membrane invagination process than during endocytic pathways involving the highly ordered clathrin coat [13] . In some cases of clathrinindependent uptake, the GTPase dynamin participates in the scission reaction [14, 15] , as in the current study for EGFR. In other cases, such as the formation of clathrin-independent carriers required for the internalization of glycophosphatidylinositol-anchored proteins, CD44, and cellular galectins [11, 12, 16] , the reliance on dynamin is much reduced, or even unmeasurable.
What might RTN3 be doing in relation to the cellular uptake of EGFR? The authors of the current paper provide evidence by fluorescence resonance energy transfer, proximity ligation, super-resolution microscopy and electron microscopy that RTN3 is localized close to EGFR at the plasma membrane, and that RTN3 is required for the formation of contact sites between the ER and the plasma membrane. Importantly, most EGFR/ CD147-containing tubular membrane invaginations were found to be in close proximity to peripheral ER (Figure 1 ), a phenotype that was lost upon RTN3 depletion. Whether RTN3 is directly involved in the establishment of these contact sites remains to be analyzed. Importantly, however, depletion experiments demonstrated that the observed phenotypes are specific to RTN3 and that other types of ER-plasma membrane contact sites, i.e. those controlled by STIM1 [17] or E-Syt1 [18] , were not involved, which is in agreement with the current view on contact site specificity.
A final set of data concerns the finding that interfering with calcium release from ER stores affects the EGFR uptake process in a manner that depends on RTN3 expression, suggesting that RTN3-dependent contact sites might be required for localized calcium release in the direct proximity of EGFR/CD147-containing tubular invaginations (Figure 1) . Surprisingly, the lowering of this local calcium metabolism did not reduce the frequency of invaginations, but rather increased their average length, suggesting that calcium somehow participates in the scission process. The exact mechanism by which this occurs remains to be determined.
In conclusion, the study by Sigismund, Di Fiore and colleagues [7] has brought the ER into the limelight for the clathrin-independent construction and maturation of endocytic sites at the plasma membrane. This groundbreaking study provides endocytosis research with a fresh perspective and is expected to stimulate further analyses of the mechanistic aspects of the process described here. The current colocalization and depletion data suggest that the previously described endophilin-based and clathrinindependent mechanism for fast EGFR uptake [19] may not apply to the RNT3-dependent internalization process of EGFR/CD147. Yet, EGFR is notorious for the many facets of its endocytic uptake into cells, and further work will help to put together all the pieces of the puzzle.
